Abstract: Variation of strong motion intensity, root mean square of ground acceleration and time-duration in seconds obtained from 83 accelerograms of 18 earthquakes with magnitudes between 5 to 7.7 were investigated considering four definitions of strong section of accelerograms given by Vanmarcke-Lai; Bolt, Trifunac-Brady and McCaan-Shah. Strong motion intensities were calculated for all definitions of strong duration. Even though, durations in seconds and root mean square of ground acceleration values resulted quite different among the four definitions of strong sections, both durations in seconds and root mean square of acceleration squared values tend to compensate each other to yield the same strong motion intensity for each definition used. Q-ratio as defined by Vanmarcke-Lai (Peak Ground Acceleration divided by root mean square of acceleration) was found not constant but instead it varied significantly for all strong motion definitions. Similarly, ratio of strong motion intensity over peak ground acceleration squared as defined by Vanmarcke-Lai holds linear for time durations less than 20-30 seconds for all definitions, afterwards it shows large dispersion. Finally, Vanmarcke-Lai time duration in seconds appears to increase from near field distance up to a certain medium distance after which it starts to decrease.
INTRODUCTION
The root mean square of any variable which changes with time or distance, such as an acceleration time history or a cone resistance record with depth, has many applications in the statistical treatment of such variable when it is conceived as a random process. In the particular case of the acceleration time histories, the root mean square of the ground acceleration (a rms ) has been used by several authors [1] [2] [3] to define the strong section of the accelerogram.
Both, motion intensity and root mean square of acceleration can be used in the formulation of solutions for structure reliability problems. Arias intensity provides the measurement of the energy being applied to the structure and the root mean square of the acceleration provides an approximation to the standard deviation for stationary random processes, which include the usual treatment of earthquakes.
Then, it is interesting to investigate the variation of the root mean square of the ground acceleration considering the magnitude and some other seismic parameters taking into account the definition of duration used to establish the strong section of the acceleration time history. To achieve this, in this sttudy four definitions of durations: Vanmarcke-Lai (VL) [1] ; Trifunac-Brady (TB) [2] , Mc Caan-Shah (McS) [3] and Bolt (B) [4] were used to define the strong section of selected accelograms.
*Address correspondence to this author at the Universidad Catolica Andres Bello, Postgrado Ingenieria Estructural, Montalban, Caracas, Distrito Capital, Venezuela; Tel: 0058+4165396272; E-mails: hechezuria51@gmail.com, and heriberto.echezuria@yvsite.com Three of those definitions VL, TB and McS use the root mean square of the ground acceleration in different ways and the other definition, B, uses an acceleration limit or bracketed value instead. The analysis was conducted in the following order; first, four durations were estimated for each included accelerogram by means of the different definitions mentioned above and duration in seconds, D(s), were established. Then; calculations were made for each accelerogram of other variables related to its strong section such as the resulting root mean square of the ground acceleration, a rms , and the intensity of the strong motion (Ism). This intensity will be defined later in the article. Finally, comparisons were made among those variables considering the definitions of duration, earthquake magnitude, and earthquake source to site-of-accelerogram recording distance.
B. Subsequently, the strong motion intensities were calculated for each earthquake using those two parameters as indicated in the next section of this article. The main objective was to discuss the differences or similarities among the seismic variables given that in the original work by [5] emphasis was done in the use of a rms attenuation to evaluate the probabilistic liquefaction potential for Downtown San Francisco [6] . Thus, no particular discussion among those variables was done at that time.
For completeness of this article; first, the definition and a brief summary of the ground motion intensity and the four definitions of duration of the strong section of accelerograms are presented in the next section and then comparisons and correlations among values of the seismic variables are included and discussed in the other sections.
Definition of Ground Motion Intensity and Brief Description of the Four Definitions of Strong Sections of Earthquake Duration used in the Study
Arias [7] proposed a method to evaluate the energy dissipated during strong ground motion given by: (1) where, Ia, is the Arias intensity, and, Eω, is the energy dissipated by an oscillator with natural frequency, ω. It can also be shown that, when applied to an acceleration time history along with the power spectral concept the expression above can become: (2) where, Io is the intensity of the motion, a rms is the root mean square of the acceleration time record, and Td is the total duration of the record in seconds. The expression above indicates that the mean square of the ground acceleration can be taken as an average constant intensity acting during the total duration Td of the motion.
Vanmarcke and Lai (VL) as well as Trifunac and Brady (TB) used Arias intensity (Ia) in their definitions of duration. Trifunac and Brady defined the beginning of the strong motion section of the accelerogram as the time at which 5% of the Ia is reached and the end as the time which yields 95% of the Ia. Justification for this is that most earthquakes have low amplitude intervals early and late in the record.
Vanmarcke and Lai defined the duration based on the assumption that the Ia is uniformly distributed at a constant average power given by over the strong ground motion interval, Tsm. Further, those investigators assumed that the time history of acceleration is a Gaussian process and defined the relationship between peak ground acceleration PGA and a rms , as Q=PGA/ a rms . In addition, VL took arbitrarily the probability of exceeding at least once the ratio, Q, during the time interval, Tsm, as 1−e −1 . Under these conditions the solution for Tsm can be obtained in terms of Ia, Tsm, PGA and To, as follows:
And (4) where, Tsm is the duration of the strong motion and To, is the average period of the record. However, considering the arbitrariness of the selection of the probability of exceeding the, Q-ratio, during the time, Tsm, as well as the fact that they have found the ratio of 1a/PGA 2 to be close to linear, VL proposed a simplified version of the solution using a constant value for the ratio, Q-ratio = 2.74. This simplified version was used in this study. The center of the duration corresponds to the location of the PGA and half of it is then taken towards de upper portion and the other half towards the lower portion.
McCaan and Shah defined the strong section of the accelerogram as the interval which exhibits a constant a rms level. The beginning of the strong motion is obtained by forming the cumulative root mean square of the ground acceleration function of the reversed accelerogram and selecting the time at which the root mean square of the ground acceleration begins a steady decline. This time defines the beginning of the strong section and is denoted as, T 1 . The end of the strong section is obtained by applying the same method to the original accelerogram starting at, T 1 .
Bolt used a threshold value concept in order to define the strong part of the accelerogram. Once a threshold value of the acceleration is defined according to the phenomenon under study, the strong part is the enclosed portion between the first and last time the threshold is exceeded along the acceleration record. In this study a value of the acceleration of 0.05 g was used. Note that, g, is the acceleration of gravity in centimeters per squared seconds.
In this work the intensity of the strong motion was defined in an analogous way to that given in eq. 3 as follows: (5) where, Ism, is the intensity of the strong motion, a rms is the root mean square of the accelerations contained in the strong section of the accelerogram corresponding to the strong section duration and, Tsm is the duration in seconds of the strong motion definition in use.
Composition of the Data Base used in the Study and Purpose of this Study
The data based used in this study is the same used by the author [5] to develop attenuation relationships for a rms values obtained with the four definitions already mentioned. The data based included records obtained in the near field, that is, less than 10 km of the fault. The distance definition, R, used in the study corresponds to the closest distance to the surface projection of fault rupture area. The a rms were calculated using the four definitions of duration mentioned above, for a total of 83 accelerograms from 18 earthquakes with moment magnitudes between 5 and 7.7, as depicted in Table A The information generated with the data included in this study was used for evaluating the probability of liquefaction for San Francisco [6] . At that time, the investigation focused on the attenuation of the a rms and its applicability to determine the number of zero crossings in order to evaluate probabilistic liquefaction potential [6] . However, no attempt was done to discuss the seismic parameters themselves in the original study. Thus, as there have been very few articles related to discussions on the comparison of such seismic parameters from that time, the author took back the data generated to look into the details regarding earthquake duration which is the main objective of this article. All the variables used in this study are included in Table A-1 of Appendix 1.
RESULTS
Results are presented in the following order; first in section 3.1 values of strong motion intensity, Ism, are compared among them for the four definitions of duration. Then, comparisons among a rms values obtained with the four definitions are also included. Similarly, comparisons were done for the D(s) values obtained with the four definitions. Section 3.2 includes plots showing the variation of the ratio Ism/ with D(s); followed by the statistical analysis of Q-ratio (PGA/a rms ) of strong section of accelerograms in the data base. Finally, In section 3.3 variations of D(s) with distance R in (km) are explored for three magnitude ranges. As previously indicated, in this study R is the closest distance to the surface projection of fault rupture area. The calculated strong ground motion intensity (I sm ) using the four definitions of duration on the accelerograms in the data base are compared among each other as illustrated in Fig. (1) . Note that despite de definition of duration they appear to be very close to each other. A detailed look at each figure indicates that there exist some variations for particular Durations in seconds and a rms values for the strong section of the accelerograms used in the study are compared in Figs. (2 and 3) for the four definitions of duration. Note that they have significant scatter and that whenever the duration tends to decrease for a particular definition when compared to another one, then the a rms tends to increase.
Variation of Ism/ Ratio with D(s) and Statistical Analysis of Q-ratio (PGA/a rms ) for the Strong Section of Accelerograms
According to VL definition of duration, the ratio between strong motion intensity (Ism) and PGA 2 for the strong part of the accelerograms should be linearly proportional to duration in seconds, D(s). Plots of the ratio of Ism over PGA 2 vs D(s) are shown in Fig. (4) for the four definitions of duration. It is observed that linearity between these two variables holds for a very narrow range of distances.
Plots of histograms for the Q-ratio (PGA/a rms ) defined by VL are shown in Fig. (5) for the four definitions of duration. According to VL this Q-ratio should be a constant and may be taken for practical purposes equal to 2.74 for the strong motion duration, Tsm, of the accelerogram. Note that for the strong section of the accelerogram the values of this parameter are different from that reported by VL and depend upon the definition selected. Even though the VL is the only definition that explicitly uses this parameter, its calculation is included for the others definitions for comparison purposes regarding the strong section of the accelerograms.
Variation of Durations in Seconds D(s) for the Four Definitions of Duration with Distance, R
Regarding the durations in seconds D(s) of the strong section of the accelerograms, Figs. (6-8) show its variation with distance for the four definitions used and ranges of magnitudes 5<M<5.9; 6<M<6.6 and 7<M<7.7. 
DISCUSSION OF RESULTS

Discussion on a rms values and duration in seconds of strong section of accelerograms
As seen in Fig. (1) ; the strong motion intensities obtained with the four definitions used are so close to each other that they could be considered as similar or equivalent for all practical purposes. This is a very interesting finding because the four definitions use different conceptual basis, even though only two of them (VL and TB) use explicitly the Arias intensity.
Definition by McS uses the decline in a rms in a way which is not necessarily related to Ia and Bolt definition of duration does not consider the a rms or Arias intensity at all. However, all of the definitions involve the location of the PGA and the nearby accelerations which might be associated to the main period of the acceleration record and in turn yield this interesting result. Despite the finding previously described, durations in seconds and a rms values are quite different for the four definitions as depicted Figs. (2 and 3) . It means that even though the definitions yield almost a unique value of the energy for the strong section of the accelerogram, the duration in seconds as well as the a rms related to such duration may vary significantly from one definition to the other. Note also that durations in seconds as well as a rms have significant scatter and that whenever the duration tends to decrease for a particular definition then the a rms tends to increase. See Figs. (2  and 3) .
In addition, note also in Fig. (2c) that the TB durations in seconds are about double than those from VL. Similarly; McS durations in seconds seem to be in agreement with those from VL for low a rms values, whereas for large a rms values they show significant scatter. Moreover; TB durations tend to be larger than those from McS. A close look to eq. 2 and 5 indicates that there should be compensation between duration and a rms for the strong section of the accelerogram in such a way that when one of those variables is reduced the other increases and compensates to yielding the same energy value.
The aforementioned aspects have an important implication related to what engineers mean when defining the strong section of an accelerogram. For instance, structural engineers are usually more concerned with the acceleration values which initiate damages to structures and continue its deterioration process throughout the ground movement. For geotechnical engineers it is important to identify accelerations which initiate the increase in pore water pressure for liquefaction and continue increasing it. In those cases the beginning of the strong section of an accelerogram might be more closely related to the absolute values of the acceleration and its root mean square value rather than with the energy itself. Nevertheless, energy has other applications related to power and number of equivalent cycles among others. These particular aspects require more research considering also the fact that all definitions explored in this article yield values of energy very close to each other.
The a rms values from B appear to have the largest dispersion of all definitions, see Fig. (1) . It may be due to the threshold value used (0.05g). As discussed previously in section 2.1 of this article, this value was selected because it was taken as the one that initiates the increment of pore water pressure. However, if different criteria were used to select the initiating damage and the end damage, it may be possible to obtain better results with this definition of strong section of an accelerogram. Note that with this it is implied to use one value for the initiation and a different one for the end. This should be further investigated. Fig. (4) for the four definitions of duration. According to those authors it should be linear with duration in seconds, D(s). Note in Fig. (4) that linear proportionality indicated by VL holds well for values of durations lower than about 20 to 30 seconds for the four definitions. It can be also observed in Fig. (4) that above those values of D(s) there is a very large scatter for all definitions. Note also that, the VL definition shows a better correlation below 30 seconds than all other definitions of strong durations. The definition by, B, has the poorest correlation of all. All these aspects are also worth investigating.
Discussion on Q-Ratio and Duration in Seconds of Strong Section of Accelerograms
Plots of Q-ratio vs D(s) as defined by VL are shown in
Another interesting aspect is that, according to the definitions of VL, the Q-ratio between PGA and a rms should be a constant and may be taken for practical purposes equal to 2.74 for the strong motion duration, Tsm, of the accelerogram. This criterion was used when applying the VL method to the data base.
However; even though the VL definition uses a value of 2.74 to define the strong section of an accelerogram, the outcome shown in Fig. (5) for the resulting strong part of the accelerograms indicates that this ratio is not nearly constant and has a mean value equal to 3.54, at least for the data base used herein. It can be also noted in Fig. (5) that the VL definition has the narrower range as well as the smaller standard deviation for this variable when obtained with the four definitions used. Nevertheless, it is not in agreement with the assumptions of VL, as mentioned above, and further research will help to better understand these facts.
Plots of the values of the Q-ratio showing the mean as well as the standard deviation are also included in Fig. (5) , for the other definitions of duration, TB (5.49), B (4.91) and McS (4.16). It can be inferred that VL definition is more consistent in selecting shorter strong sections of the accelerogram around the PGA, even though the Q-ratio is somewhat larger than originally assumed. It is also in agreement with the fact that durations in seconds for the other definitions tend to be larger than those with the VL definition. This also implies that the VL definition may include larger values of the accelerations that may cause damage to structures and liquefaction as discussed above.
Discussion on Variation of Duration in Seconds of Strong Section of Accelerograms with Distance
Plots of duration in seconds D(s) with distance shown in Figs. (6-8) for three ranges of magnitudes indicate that all the definitions tend to yield low values of duration at short distances which increase as distance also increases up to a point at which it reduces from that distance on. However, some of the plots exhibit such a large dispersion which somewhat masks this fact.
In order to look into this in a different way, one can consider the fact that energy in terms of motion intensity, Ism, is estimated by the product of the a rms squared times the duration in seconds, see eq. 2 and 5. Consequently, it is worth exploring the variation with distance of both, the Ism, and a rms to try to infer the behavior of duration with distance. This is included in Figs. (9-11) for the three magnitude ranges previously mentioned. Figs. (9-11) that for the three magnitude ranges the decay with distance of the motion intensity is faster than that for the root mean square of the ground acceleration. At this point the author has not done any formal mathematical treatment for the attenuation of the motion intensity, as was preformed for the root mean square of the ground acceleration in the previous work [5] with multiple non linear regressions on magnitude and distance.
It is noticed in
The aforementioned approach was used due to the fact that there is not a formal mathematical model for the variation of Ism with distance and it was not the objective of this work. However, for the purpose of illustration only, one could approximate the crude mean prediction of the motion intensity from individual regressions with distance for each magnitude range and compare it to the square of the mean prediction of the a rms with distance developed by [5] . This is done in Fig. (12) , using a model with near field saturation for the a rms [5] and a crude approximation of the mean for the a rms for each magnitude range. Fig. (12) also includes the squared mean values of the a rms from VL definition for the three ranges of magnitude used. One can infer from Fig. (12) after comparing the a rms square and the mean of the Ism, that the previously mentioned tendency for the change with distance of the duration in time, D(s) of the strong section of the accelerogram holds and it increases with distance up to a certain point after which it starts to reduce. This is shown in Fig. (13) where the ratio of the motion intensity divided by the squared of the a rms is presented with distance, along with the durations estimated for the different earthquakes included in the data base.
An interval that may approximate one standard deviation of the prediction is also included in Fig. (13) . Note that the durations appear to be somewhat lower than the predictions and that the tendency is not very clear. However, the rationale of the analysis indicates that there should be a behavior like the one pointed out herein and further investigation is worthwhile.
CONCLUSIONS AND RECOMMENDATIONS
For all practical purposes and despite minor variations, strong motion intensity calculated from eq. 5 as the product of duration in seconds and both obtained with the four definitions of duration given by Vanmarcke-Lai (VL), Bolt (B), Trifunac-Brady (TB) and Mc Caan-Shah (McS) can be considered as similar or equivalent. This is a very interesting finding because the four definitions use different conceptual basis, even though only two of them (VL and TB) use explicitly the Arias intensity. Definition by McS uses the decline in root mean square of the ground acceleration which is not necessarily related to intensity, and Bolt definition of duration does not consider the root mean square of the ground acceleration at all. However, all of the definitions involve the PGA and the accelerations above and below it, which in turn yield this interesting result.
Durations in seconds of the strong section of the accelerogram and a rms values are quite different for the four definitions. It means that even though the definitions yield the same value of the energy for the strong section of the accelerogram, the duration in seconds as well as the a rms may vary significantly from one definition to the other. However, such variations tend to compensate in such a way that when one of the variables is reduced, the other is increased and the final strong motion intensity tends to yield the same value.
TB durations in seconds are about double than those from VL. McS durations in seconds seem to be in agreement with VL for low a rms values, for large a rms values they have significant scatter. TB durations tend to be larger than those from McS.
The ratio between strong motion intensity (Ism) and PGA 2 for the strong part of the accelerograms should be linearly proportional to duration in seconds, D(s). Plots of this ratio vs D(s) for the four definitions of duration indicate that such linear proportionality holds well only for values of durations lower than about 20 to 30 seconds for the four definitions. This should be further investigated because according to VL definition of duration it may hold with no exceptions. c)
The Q-ratio between PGA and a rms should be a constant and equal to 2.74 for the duration, Tsm, of the strong section of the accelerogram as defined in VL definition of duration. However the histograms of the Q-ratio for the four definitions of duration indicate that this ratio is not nearly constant and for the VL definition has a mean value equal to 3.54, at least for the data base used herein. The other definitions of duration yield the following mean values: TB mean Q-ratio of 5.49, B mean Q-ratio of 4.91 and McS mean Q-ratio of 4.16. This is not in agreement with the assumptions of VL, as mentioned above, and further research is worth. Nevertheless, the VL definition has the narrower range of the four definitions used, as well as the smaller standard deviation. Thus, it could be inferred that VL definition is more consistent in selecting shorter strong sections of the accelerogram around the PGA, even though the Q-ratio is somewhat larger than originally assumed. This is also in agreement with the fact that durations in seconds for the other definitions tend to be larger than those with the VL definition. This also implies that the VL definition tend to yield larger values of the accelerations that might cause damage to structures and liquefaction as discussed above.
Duration in seconds, D(s), of the strong section of the accelerogram does not show a clear tendency with distance for the four definitions of duration. However, given that the strong motion intensity, Ism, can be estimated by the product of the a rms squared times the duration in seconds, it was used to infer the variation with distance of duration by looking into the variation of both, the Ism, and a rms squared with distance. Resulting inferred tendency for the change with distance of the duration in time, D(s) of the strong section of the accelerogram appears to increase with distance up to a certain point after which it starts to reduce. This aspect is worth investigating.
Strong motion intensity, Ism, needs further research as it turns out to be quite similar for different definitions of the strong section even though some of the definitions do not use the energy concept in the way they treat the problem. D(s) and a rms change from one definition to another, however they appear to compensate to yield the same value of the energy or motion intensity. This should be further investigated.
The a rms values from, B, appear to have the largest dispersion of all definitions, see Fig. (1) . It may be due to the threshold value used (0.05g) in this study. However, if different criteria were used to select the initiating damage and the end damage, it might be possible to obtain better results with this definition of strong section of an accelerogram. Note that with this it is implied to use one value for the initiation and a different one for the end. This should be further investigated.
Even though the VL definition uses a Q-ratio equal to 2.74 to define the strong section of an accelerogram, the outcome with the data used herein shows that this ratio is not nearly constant and has a mean value equal to 3.54, at least for the data base used herein. It is not in agreement with the assumptions of VL, as mentioned above, and further research will help to better understand this fact.
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APPENDIX 1
